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THE MODIFICATIONOF DAVYDOVSOLITONS

BY THE EXTRINSIC H-N-C=O GROUP

Scott P, Layne

Center for Nonlinear Studies
Los Alamos National Laboratory
Los Alamos, New tlexico 87545

INTRODU(.TION

The ❑olecular mechanisms which underlie general ●nesthesia are
not clearly understood. This lack of understandinjj may b? attri-
buted to the tact that there are two comparatively separate clas es
of pharmacologic agents to consider (both intravenous and volatile)
which induce general anesthesia. It may ●lso be ●ttributed to the
fact that investigators in the field are divided into two differing
camps of thou8ht: (1) those who believe that anesthetic work by
●lterin8 norm-l membrane fluidity, tind (2) thooe who believe thrnt
anesthetics work by perturbin8 nomal protein function. This con-
troversy concernin8 the fundamental ❑echanism 1s clearly not a black
●nd white i~sue. Nevertheless, there appears to b? growin8 ●violence
that the “perturbed protein” hypothesis holds greater promise over
the “altered fluidity” hypothesis in ●xplaining the ❑olecular mech-
●nisms of general ●nesthesia. 1 The simplest working idea is that
8cneral ●ncsthetic~ act by binding directly to a particularly nensi-
tive protein, which may or may not be located in ● lipid membrane,
●nd inhibitln8 itn normal function.

In this article, the “perturbed protein” hypothe~is will be
●mploy?d in order to postulate ● new ❑echanism oi ●ction for in-
travenous ●aesthetic ●gents. In ●ccordance with throry, it will
be rn!lown that intravenous ●yenta arc cap~ble of chan8in8 localized
mt.ructures within proteinu which, in turn, res~’ltn in an ●iteration
of normal protein dynamica. Volatile ●8ent~ (such as Halothane •~~d
IZnflurani’) will not be dincusred, since this ●rticle will concentrate
on a #p@cifir clasn of pharmucolo8ic compaunds which contain tbe
11-N-C=O (or ●mide-1) moiety. Barbiturates are the most c-on intra-
wnouit agento in thi~ class ●nd, th-r~fore, they wJI1 l-e the focu~
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of attention. However, this article will also discuss how several
similar clasacs of agents called hydr,ntoins, succinimides, gluteth-
imides, urethanes and a neurotransmitter called gacmna-aminobutvric
acid (GABA) are capable of perturbing normal protein function. In
addition, this article will conclude with a look at glycuproteins in
relation to tb.e H-N-C=O moiety. It will be argued that the same
amide-I 8roup, which is found as a ❑ajor substituent in the siulic
acid fraction of glycoproteins , ❑ay act as an iriherent ❑fdulator of
glycoprotein behavior. An analogy will be drawn between the perturb-
ing role of an H-N-C=O moiety in aa anesthetic agent and an H-N-C=O
moiety in the sialic acids of a glycoproteln.

Questions which arise naturally from the “yerturbed protein”
hypothesis are: 1) what functions cf proteins are disturbed by in-
‘ravenous anesthetic agents, 2) which proteins are disturbed during
general anesthesia, and 3) are certain proteins by virtue of their
location in a cell more important than others? So,,~e of the answers
to these questions are discussed below and ❑~ny of the p~ints that are
introduced below will be given a detailed ●xplanation in s[’bsequent
sections.

In relation to question number one, ii is ccnstwctive to make

t!le ansatz that intravenous anesthetics work by altering both the
normal ●r,ergy organizir.g ●nd transporting furlcticns within proteins.
However, ● limita~ion cf such a postulate is that there has been no
prominent dynamical model on which to compare idras against experi-
❑ ent. In other words, the “~erturbed protein” hypoth~sis has had
no specific context on wh:ch to test its validity.

~;;;~~~~nf ‘ituat.iO

Hokever,this un-
n may have cfianged in 1973 when Davydov and

v oroposed a mechanium whereby ●nergy could be transported
efficiently ●lon~ ● one-dimerisional ❑olecular chain, In a paper en-
titled “So2ita~ Excitations in ● One-Dimensional ?lolecular Chain,”
the authors considered how ●nergy could be transferi.ed via a coupling
of intramolecular ●xcitations ●nd intermolecular ~iaplacmenta, The
coupling of ●xcitation to dinplacementa, and vict~ versa, lead to Lhc
production of a aoiitary wave in the one-dimensiol)al molecular chain
which did not dibp~rne, During f.his same yemr, Duvydov3 published a
necond p-per ●nt.tied “The Theory of Contraction (If Proteins under
their Excitation,” where he ●xpanded this solitaly wave concept to
the alpha-helical protein in the co[~text of ❑uscle contraction, In
this ●econd paper it waa propoeed that myosin, a major component of
contractile proteink whirh haa an Alpha-helical tail of approximately
900 A, propagate ● aclito~l which aqut~zes ●l,d pulls on the actin
filaments ●round it, This action semen to slide the ●ct,in and myosin
filamentn together , wl,ich reaulta in ❑uscle contraction. Since 1973,
Davydov ●nd him co-workra have published ● number of papers on moli-
tona in ●lpha-helical proteins. They sddress the :,mportant property of
●fficient ●nergy L:-nafer by protein- over distanrt.s which ● re large
in terms of biological dimenaiona. In sddition, ~hey have considered
the role of electron transport by the soliton mechsnism, where the
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presence of an extra electron causes a lattice distortion in the
protein which ata5ilizes its motion.’ Such an “electrosoliton” is
phenomenologically similar to a “neutral soliton,” where intramolec-
ular excitations (associated with the extra electron) are coupled to
intermolecular displacements. Thus it is possible that charge trans-
fer across ❑embraces, transductive coupling across membranes and en-
erfly transport ●long filamentouE cytoskeletal proteins ❑ay be un6er-
Btood in terms of a soliton ❑echanism , since these functional classes
of proteins are thought to contain structural units with significant
alpha-hel. cal character. The soliton model is one of several concepts
for protein dynamics which should attract the careful attention of
biologists. Clearly, it is not the answer to every dynamical behav-
ior in proteins. Nevertheless , is motivtitins new ql)cstions ant! ex-
periments in protein dynamics. In this article, the soliton model
will be used as a paradi~m for understanding the ❑olecul~r ❑echanism
of general ●nesthesiti. The disturbance of solitcn propagation will
be related LO anesthetic actizity.

In relation to question number two, it makes sense to postulate
that the dynamical behavior of any protein, regardless of structural
confifluration, may be perturbed by an intravenous anesthetic. How-
ever, for purposes of simplicity, this article will center its discus-
sion on the alpha-helical protein. This ●mphasis on the alpha-lelix
is justifiable, since the complication of translational variance
within the protein backbone is avoided>’r and since the helical config-
uration iu the most common of p!otein structures. Alpha-helical pro-
teins are found in both the membrane and cytoskeletal fractions of
cells. It has been eotimated that up to one Lhird of membrane pro-
teins are in the helicql confifluration, based on circular dichroism
Btudies, with the remainder of prot-.ti~s in a random coil form.i
Helic-1 membrtne proteins usually consist of hydrophobic amino acids
●nd have a len8th in the range of 30-70 A (S-IO turns). In the cyto-
okeleton, the helix is also a corrfiGn structural motif, where there
● re at lea~t two important clasees of contractile proteins that are
highly ●lpha-helical: tropomyosin ●nd myonin. In addition to the
contractile Bystem, the ext~nnive network of intermediate filaments
in the cytoskeleton alsn dernonutr~t.es predominant helical charartcr.c
Cytookeletml proteins tend to be ❑uch longer than membrane proteins
(400-1600 A) ●nd they ●lso tend to form hiflhly stable coiled-coil
structures which are capable of polynerizinfl in a head-to-tail con-
figuration,”a This ●nd to ●nd configuration creates ●xceptionally
long alpha-helical ne~workr within the cytosol,

~theae procw~in,gn, the -rticle by P. S. Lomdahl sddresses tht=
—,

more complicated iroue of intramolecular ●xcitations coupl~d to
intermolecular displacements in ● Rlobular protein. In such :ran~-
lstionally variant proteins, the activity cf ●n anesthetic ●gent
would depend more ●ignif~cantly on its location within thr thrce-
dimenslonsl protein structure.



Given the appreciation that alpha-helical proteins are predom-
inant membrane and cytoskeletal structures makes it possible to hy-
pothesize a new ❑echanism of act.on for hydrogen bonding anesthetic
agents. Hypnotic agents which contain the amide-I moiety, such as
barbiturates, are capable of perturbing solitons in alpha-helical
proteins. This occurs via an alteration of hydrogen bond structure
in the alpha-helix that is promoted by the anesthetic agent. This
change in hydrogen bond configuration, in turn, modifies the intra-
molecular excitation and intermolecular vibrational properties of the
protein. This perturbation of energy transduction through the helix
need not involve a global change in alpha-helical configuration. It
need involve merely a modification of structure in one portion of a
helix which spans the lipid bilayer or traverses the cytosol of a
cell. A simple analogy of this concept is illustrated by an electric
circuit. If the flow of electricity in a circuit is modified at one

198
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Fig. 1. (a) One of barbiturate’s possible interactions with an
alpha-helical protein via its H-N-C=O moitits. The spiral
configuration of the protein is stabilized hy its weal.
hydrogen bonds and the binding of a barbiturate chan8es
the localized structure within the helix.
(L) Isolated view of barbiturate’s interaction with the
one-dimemional ●nide-I opine system that supports aolitons
in the alpha-helix. Such an interaction ●ltera the cri~ical
one-dimensional configuration and hydrogen bond relationa in
the tystem.
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point, then the flow of electricity throughout the ●ntire circuit can
be altered. Likewise, in an alpha-helix, if the propagation of a sol-
iton is disrupted by an ●aesthetic ❑olecule at one bond then the ❑eve-
ment of the soliton throughout the rest of the ❑olecule can be altered.

In relation to question number three and followinq ~.?e idea that
t.ransductive alpha-hel~cal proteins span the lipid bilayer, this ar-
ticle will ●mphasize two biological membranes as the principal sites
for anesthetic activity: 1) the cellular (neuronal) ❑embrane, and
2) the mitochondrial (imer) ❑embrane, Although there are other siz-
able ❑embranes within a cell, such as nuclear membrane, endoplasmic
reticulum aud golgi apparatus, these bilayers are n~t proposed to be
important to the mechanism of general anesthesia. Only uembrane pro-
teins that are related directly to intercellular conmn.mication and
●nergy production will be considered as the primary targets for anes-
thetic agents. This assumption does not preclude the possibility
that other membrane ploteins are inhibited by hydrogen bonding anes-
thetic agents but these effects will be c<~.~sidered as secondary in
the production of unconsciousness,

In addition, it should be ❑entionsd that cytoskeletal proteins
may be inhibited by hydrog~n bonding anesthetic agents. Ho,~ever,
the importance of this effect is rather controversial, since little
is known abol]t the energetic of this complex and heterogeneous
network of proteins. Clegg 9’10 has speculated that the extefisive
cytoskeletal framework plays a greater role than simple structural
support and cellular motility. He proposes that the cytoskeleton co-
ordinates the energetic of the intracellular soup. The cytoskeleton
may provide a matrix on which the so-called soluble enzymes attach
and coordinate their energetic activities. Cytoskeletal proteins
are known to b? associated c!LL6ely with both the cellular and mito-
chondrial membranes, ?lembranes may “talk” to the cytoskeleton and
vice versa, Therefore, complete models of Reneral anesthesia should
consider tne interrelations between these anatomically distinct
regioc within neur~nsm

Common to this hypothesis of barbiturate (and related compound)
activity is ●n interference with entrgetic membrane and cytoskeletal
function. T,]e soliton is proposed as an important example of such
functions. Althou8h sslitons are capable of tr&versing channels
filled with noise, these nonlinear pulses are still susc~ptible to
perturbation. In relation to this fact, Greerll has categorized
biological ●nergy into two broad and encompassing categories:
1) v-lence vibrational energy, ●nd 2) gradient or ionic potentiol
●nerRy. Given ihit cl~seification, it should be clear that hydrogen
bondLng ●aesthetic agents ●re capable of intcrferine with the first
suggested category of biological ●uergy. Thio action may occur at
any of tile three sitep whirh have been empahsized. At the neuronal
membrane, such an action will result in a dimimtion of co~unication
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between neurons. Decreased axonal conduction, decreased neurotrans-
mitter action and increased release, and decreased synaptic signaling
all point to the fact that membranes are less talkative and sensitive
to their neighbor’s messages. lz This inhibitory action may involve
both the protein and the substantial glycoprotein fractions on the
neuronal membrane and in a later section of this article the glyco-
protein role , with respect to transductive coupling, will be intro-
duced. At the mitochondrial membrane, such an action will result in
a diminution of ATP synthesis. It has been shown experimentally that
barbiturates inhibit mitochondrial activity by acting between the
iron-sulfur centers of complex I and coenzyme Q.13 In ether words,
the anesthetic molecule stops electron transport and oxidative
phasphorylation at the very beginning of the ATP synthesis process,
This location of activity is consistent with the hypothesis for
barbiturate action, since complex I contains the first organization
of proteins which are reput=d to transport electrons and since a
shutdown at complex I will halt the majority of activities of the
tripartite repeating unit. At the cytoskeleton, such an action may
result in a decreased coordination between the intricat~ intertwin-
ing of the long and filamentous proteins. Apparently, the shape
of the cytoskcleton is depcnd$nt on the various micro-environmental

6 Barbiturates mayconcentrations of ATP and Ca2 within the neuron.
interfere with these subtle energy demanding processes and such a
loss of caupling from within could alter the cytoskeleton’s response
to membrane commands. Gradient energy, or the separation of charge
across a lipid bilayer, can also be perturbed by hydrogen bonding
●aesthetic agents. This is uncierstandeble because the tiecond sug-
gested category of biological energy is bas~cally a manifestation of
valence vibrational energy. The movement of charge across a membrane
❑ust first be initiated by an energetic change in the s~ructure of
proteins.1’ For ●xample, it is thought that electrons ❑ ove back and
forth aczoss the inner ❑itochondrial membrane during oxidative
phosphoqlation. According to the model by Hitchell,ls this move-
ment of ●iectrons is associated with the concomitant transport of
protons and with the ●stablishment of a proton grhdient that drives
ATP gynthesis, Such a hypothesis assumes that the proton has a
channel, or an ionophore, through which it c~n move as it is shunted
by the ●lectron transpo~l process and it also assumes that the pro-
tein which transports ●lectrons ~pans the thickness of the inner
mitochondrial membrane (- 50-60 A). It is plausible that solitons
which transport electrons, in conjunction with the other components
of the membrane, are a mechani~m whereby gradient ●nergy is main-
tained. The pairing of a proton with th~ negative charg~ and the
effective ❑ ass of an ●lectrosoliton could result in the movement of
the proton acroas the ❑embrane, With this view, general anesthesia
can be ‘uderataod ●s a Ioas of both vibrational and gradient energies.

In the brain consciousness can b~ likened to the “frosting on
the metabolic cake.” In other words, a relatively nmall cutback in
total ❑etabolic output of the CNS (about 10-15%) will result in



unconsciousness. Therefore, it is necessary that barbiturates in-
hibit only a select percentage of total alpha-helical protein ac-
tivities. This will result in a relative loss of conmnunication
between neurons which i~ manifest as a loss of consciousness. In
the anesthetic state, t];? neuronal membranes are quiescent and de-
❑anding a smaller energy supply. This is balanced by a decreased
synthesis of ATP by ❑itochondria so that the relative turnover at
both membrane sites is diminished. Barbiturates are capable at act-
ing at both sites. This helps to explain the fact that during bar-
biturate anesthesia the brain settles down to a ❑etabolic valley
where demand for an energy supply meets production of the energy
source. It also helps to explain the fact that during general anes-
thesia there is very little change in the apparent energy charge of
the neuron. This is exemplified by the fact that concentrations of
ATP, A.DP, AMP and phosphocreatine in the cytosol remain at preanes-
thetic concentrations.16

SOLITOKS: A lIIECHANISMTO CONSIDER IN BIOENERGETICS

Central to the soliton concept* is the fact that the amide-I
resonance (essentially C=U stretch) is intrinsic to every peptide
bond of every protein and, therefore, ❑ight act as a potential well
for the storage and transport of biological energy. However, the
amide-I resonance has not been seriouEly EIOconsidered because the
line widths of typical amide-I absorption peaks implies a lifetime
(due lo linear coupling between 8mide-I groups) on the order of 10-12
to 10 13 seconds. This period is much too short for normai biolog-
ical processes. Davydov’s concept is that the lifetime of these vi-
brational ●xcitation can be markedely incrcaaed by two coupled
fields within the protein: 1) the ●nergy released by ATP hydrolysis
introduces a localized amide-I (intramolecular) vibrational excita-
tion that goes on to induce longitudinal sound waves on the alpha-
helix, and 2) the induced longitudinal sound (intermolecular dis-
placement) acts as a potential well to trap i.ltramolecular excita-
tions and prevent their dispersion. In the alpha-helix, amide-I groups
are situated along the protein in three quasi one-dimensional molec-
ular chains. In each of these chains, the adjoining peptidu groups
are held together by hydrogen bonds which link the amide-I nitrogen
acorn to the corresponding amide-I oxygen atom. Therefore, an intra-
molecular ●xcitation on one N-C=O group will ..pre.c! to its neighbors
via dipole-dipole coupling and intermolecular displacements will be
created againnt the hydrogen bonds N-C=O*””H— N-C=O which join these
groups together. These same hydrogen bonds are also responsible for
creating and ❑aintaining the spIJl structure of the alpha-helix.zi

——
*Solitons have found rather wide application in the physical and
●pplied sciences. There are ● number of general reviewst”ls and
specialized reEortuie’20 available to the reader.



In 1979, numerical studies were carried out at the Los Alamos
National Laboratory which confirmed the theoretical prediction that
certain “threshold” conditions on the hydrogen bond nonlinearity must
be satisfied for a Davydov soliton to be viable. 22 This suggestive

finding motivated Scott23 to improve and expand Davydov’s original
numerical model for the excifon-phonon coupled soliton. The modified
version of Davydov’e equatious included ten additional dipole-dipole
coupling terms between adjacent amide-I groups in the alpha-helix.
The primary aim was to decide whether it would be reasonable to find
solitons on typical alpha-helical proteins. Since ATP hydr~lysis
releases approximately 0.49 ev of free energy, it was assumed that
two (0.206 ev) amide-I quanta launch the energy pulse on two adj~-
cent spines of an alpha-helix. For the hydrolysis of one ATP ❑ole-
cule,* the numerical computations on the modified Davydov model de-
monstrated soliton organization at a critical level of hydrogen bond
nonlinearity which is equal to that obtained from self-consistent
field calculations on the formamide dimer. Also these calculations
showed that the internal dynamics of the snliton are governed pri-
marily by two frequencies. This observation predicted a laser-Raman
spectrum which is in close agreement to the Raman spectrum of meta-
bolically active Escheiichia coli, as measured by Webb.24 Organisms.—
that are not metabolically active do not demonstrate such Raman ac-
tive modes, so induction of resonances by laser light is nat respon-
sible for the observations. Only cells metabolizing glucose demon-
strated the wave numbers shown below. Based on a soliton “ii;terspine
oscillating” with a period of 2 x 10-12 seconds (spectral energy,

- 17 cm 1) and a second “Ion itudinal speed” component of the s~li-
‘1 - -8ton with a period of 8/3 x 10 1 seconds (spectral energy, E2 = 125
cm-l) a spectrum can be constructed, by E2 t El, for the internal
dynamics of a soliton which is very similar to Webb’s measurement
of metabolically active Escherichia coli.2s’26 This laser-Raman
data provides ●ncouraging ●xperimental evidence to suggest that
Davydov solitons play a functional role in the metabolic process.
In addition, from recent solid state experime,]ts with acetanalide,
there is further substantive ●violence to suggest that solitons
exist in hydrogen bonded chains of amide-1 groups.27

For the purposes of this article, it is helpf[il to consider the
Ham.ltonian’s which correspond to a soliton on a quasi one-dimensional
❑olecular chain:

. A .

H ❑ H +; +H
soliton ●xciton phonon interaction

(1)

*See the ●rticle by A. C. Scott in these proceedings for a proposed
mechaniom of resouant energy coupling between ATP hydrolysis ●nd the
C=O stretch.
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‘where,

.
1

~[
. .

H
phonon = ~ ~

; p; + 4U(un-i ~-i)2 1

.

H =
intcracticm x z (ii - ii-l)i:;nn+]

n

(2)

(3)

(4)

kquation (2) is the Hamiltonian which corresponds to incrarnolecular
excitations on the one-dimensional chain and is indexsd by position
n along the chain. For an alpha-helix, this excitation is essentj.ally
the C=O stretch (amide-~, Eo = 0.206 ev or - 1660 cm 1, in a quasi
linear chain of “o-N-C=Oo oON-C=O=”S groups. T~e C=Oastretch is treated
in quantum ❑echanical terms and accordingly, & and Bn are creation -
annihilation operators f~r this ❑ode. The J term is the resonance in-
teraction energy for adjacent N-C=O dipoles and by definition it is a
dispersive term that couples amirle-I groups to their nearest neighbors
along the chain. Equation (3) is the Hamiltonian which corresponds
to intermolecular displacements within the N-C=O***H–—N-C=O chain.
In coutrast to the quantlvn ❑echanical nature of (2), this sound energy
equation is classical and includes both kinetic and potential energy
statements. H is clisplaced mass along the chain and % is the ❑ omen-
tum operator canonically conjugate to the one-dimensional displacement
on within the chain. The w parameter is the linear restoring force
per unit change in hydrogen bond length. Finally, Eq. (4) is the
Hamiltonian which corresponds to intramolecular and intermolecular
couplin

8
within the chain. It relates dis ~a~ement between neighbors

(%+ I - n-1) to the probability amplitude i n Bn of the C=O stretch.
Particular ●mphasis should be placed on the x term, since this con-
stant orders the degree of nonlinear coupling between exciton and
phonon fields. In relation to the ●lpha-helix, this coupling con-
mtant represents the degree of nonlinear interaction by the hydrogen
bond ●nd it must be ●bove a critical threshold for soliton formation
to occur. In other words, nonlinear coupling between intramolecular
●xcitations and intermolecular displacements ❑inimizes dispersion;
it is the “glue” which holds a soliton together.

The next section on general anesthesia will ●xplain how anes-
thetic ❑olecules ●re capable of altering the J, u and x terms in the
Hamiltonian ●quations, However, before proceeding with this aecLion
it im helpful to introduce the continuum approximation ●quations for
● moliton ●nd to derive the nonl~near Scbr6din8er equation. Da~dov4
assignn th~ soliton wave function aa

(5)
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which is normalized to unity by

x lan12 = 1 .
n

(6)

The above wave function contains the operator
. .

ii(t) = - ~~[pn(t)pn - nn(t)l!n]
n

From this it follows that the average values of the displact’ment and
momentum operators are

.
Pn(t) = <$s01 Iup,lqlscl> (8)

and
.

nn(t) = <l@ollPnl$sol> . (9)

The unknown functions an(t), ~n(t) and nn(t) are found by minimizing

.
{an, ~n,nn] = <IJISOIIHSOII$SO1> . (10)

By introducing the dimensionless Valiable ~, a change to the continuum
approximation is accomplished by intro~. ;ing the functions a(~,t),
~(~,t) :n~ ~~~,t) such that a(n,t) = a (t), P(n,t) = ~ (t) and
n(n,t) The minimum conditionnfor (10] corres~onds to the
following get of differential equations:

a’[M#-A+J—-
+

‘Xa( t)
] a(~,t.) =0

at’ a

whefe

A =EO+W-2J,

w=; J[ 1tl(#2+u@)’d~.

(11)

(12)

(13)

Since a Davydov eoliton moves slowly with respect to the sound speed,
the first term in Eq. (12) can be neglected. After rpmoval and rjif-
ferentation once with respect to &, Eq. (12) reduces to:

(14)

Placing Eq. (14) into (11) ●nd replacing V2 with w/?l gives
aq
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By introducing the new coordinate “A” b.’ch that a(~,t) = A(~,t)
●xp -i~t and shifting to subscripts to denote partial differenti-
ation, a familar form of the nonlinear Schrodinger ●quation emerges
which is phase shifted with respect to (15):

.-l

+4$ IA12A=0 .
‘it + ‘Att

Finally, changing
4 X2/Jw gives

M4 +A.+
T d

(16)

TO a new time derivative by denoting ~=Jt and Go =

GOIA12A = O . (17)

With relation to the nonlinear Schrbdinger equation, it is val-
un”ble to nate that there are two ways to understand and model the
disturbance of sol.itons. The first method involves changing the shape
of the soliton’s envelope, which is affected by a change in the value
of the nonlinear term GoIA12A. If G is allowed to very as a fmction
of ~, such that G(L) “ G + &Gl(~) a~d c>O, then the height and width
of the solit~i, will vary’as a function of the dimensionless coordinate
~. Generally, relatively smooth and continuous variations in the
value of G(k) allow a soliton to adjust its height and width to the
changing nonlinearity und to propagate ~’ith mild disturbance. HoK-
●ver, relatively abrupt and discontinuous v~riations in the value of
G(c) do not allow ●nough time for a soliton to adjust itself as it
propagates throush the changing nonlir,earity, In i~.st.nnces of abrupt
change, the shape ●nd sperd vf the suliton ❑ay be altered and usually
such interactions are accompanied by an increased radiation of ~nergy
from the soliton. In studying abrupt variations, the ratio G(&j/G
and +he width of G(g) in relation to the width of the solito~l are

o

important considerations. These relations are also importtint when
ntudying the disturbance of “<oliton6 by aneBLhetic agents. The sec-
ond method of disturbance involves ~ loss of ●nelgy from the soliton
by means of frictional or damping rces . This problem has been
studied analytically by Davyd{,v a) . Eremko,za with the finding thaL
Ehese forces tend to slow the propagation of the soliton -~ cause
the pulse to grow a characteristic tail, For frictional ces pro-
portional to eolitol~ speed, they found the aoliton’a vwloc.Ly de-
creased exponentially and for frictional forces proportional to the
s~uare of solitcn speed, they found the aolitcn’, velocity decreased
nearly linearly with renpect to time. The li-N-C=iI moiety in an anefi-
t.hetic molecule can be seen as a disturbance which d~mps energy from
the aoliton in thr one-dimensional chain. llow~ver, this damping ●i-
fect will be more related to the anesthetic’n proximity to the chain
rcther than to tie velocity of the soliton, In real phyuical syn-
temh, such aa ●n alpha-helix, both of the d]~turbalkt~s that are
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mentioned above are simultaneously at work. These disturbances may
be inherent to the system , such 65 an alteration of true helical sym-
metry or the interaction of a side chain with the helix, or they ❑ay
come from an extrinsic group that modifies the system.

The numerical results for an undistrubed Da~dov soliton and for
two distrubed sulitons are shown below. For this study, the method of
allowing the X2/JUJ term to change with translation along the helix is
ussd in conjunction with a relative nmooth and continuous variation in
G and in conjuncti~ti with an abrupt variation in G. For a typical
soliton having a half width of four helical turns the value G=l.1 is
maintained,, which is the condit.i,on that was studied by Scott.23 For
the perturbed cases, the value cf G is increased to a maximum of 2.2.
This increase in the value of G is purely phenomenological but, never-
theless, this number was chosen ns a reasonable estimate of a phys-
ically relevant perturbation for th~ alpha-helix. An explanation for
this change is given in the next section, A variation in G ovei twice
a soliton’s width (Fig. 3) was chosen to approximate minor transla-
tional changes in structure slong the leugth of an intact alpha-helix
and a narrowel variation (Fig. 4) was chosen to approximate a more
abrupt chunge in structure, such as those of an anesthetic interac-
tion. The numerical method used in this study is essentially iden-
tical to that of Scott.23 The numerical code simulates a longer
(cytoskeletal type) alpha-helix which consists of 3 coupied chains
of 200 H-N-C=O groups and in real terms thi~ means that the mc;ecule
is 9G0 A long, since ●ach unit CE1l is 4.s A in length. A nonlinear
coupling constant X ❑ 0.40 x 10 1° newtons was assigced to every
hydrogen bond in th ~ molecule, except where perturbations were intro-
duced. This coupling constant is just above threshold for soliton
formation, when two quanta of amide-l ●nergy are used to initiate the
pulse. For the three cases, the solito,, was launched by placing a
total of two quanta on spines 1 and 2 at H-N-C=O group = 1. At com-
puter time T=O, all other H-H-C=O groups were at r~st. In the area
of perturb.tiog, where G goes from 1,1 to 2.2, the minimum value: of

‘1
= 0.30 x 10 10 newtons, U.I= 8,8 n~wtons/meter and J = 4.85 cm 1 (or

0.09 computer units) were-used For the unpertllrbed spines UJ= 19.5
newtons/meter, J = 7.8 cm 1 (or 0,145 computer units) and the mass$of a
unit cell H-= 114.2 x mas~ of a proton. Computer time (T) = (M/I.LJ)
.= 0.9P x 10 13 seconds and sound speed = 4.: A (w/M)+ = 4.56 x 1013
A/seco:<~. The time it takes a soliton to pass through one unit cell
is 0.372 co? uter time units (T).

i
This implies a soliton velocity of

1.65 x 1013 /second and F ratio of soliton to sound velocity of 0,37.
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Fi8. 2. Unperturbed soliton, Vhen a ooliton ib initiated at one
●nd of ● helix, ● typical ●mount of -ound ●nerRy is not
captured by the pulse. This ●nergy moves at the IIound speed
●~d •~itn t.hc helix by T = 225. The &olitun cotlsimts pri-
marily of bond energy (C=O stretch) *nd the total en~rgy
that is carried ●s sound ●nergy ia - 0,04%. Th~ ●nerRy
Dcaleu c~rre~pond to the sunned ●nrr~y on all three opineg.
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Figm 3, Grsdual disturbance. The chan8ing value of G is nhown by
the upper in~ert. At T z 500 the height of the ~oliton is
- 80% of the unperturbed pulse and the width i- - 10% broader,
Minimal energy is radiated by the uoliton at thr point of
❑aximum perturbati I T = 275. This ramp-like disturbance al-
low~ the soliton to ●djust itself as it moves thlough the
Changinq ~“alu! “. of G, Up toT= 25fl soliton propagation in
identi~al to Iig. 2.
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Figa 4. Abrupt disturbance, The wall-like change in G is shown by
the upper in~ert, At T = 500 the h-ight of the soliton is
m 50% of the unperturbed puluc and the width ia - 20~

broader. AIEO a trill haa been formed which trailn ●nergy
behind the aoliton. At T = 275, increaaed sound energy is
radiated by the sol:ton ag it ruto throu8h the region of
perturbation. This ●brupt disturbance does not ●now thr
aoliton tu adjuut i~self ●n it mov~s thr~u8h the changin~
value 01’ G. Up to T = 250 propa~ation in identical to
~ig. 2.



THE Ho”N-C=OGROUP: A COMMONDENOtiINATOROF INHIBITORY ACTIVITY

In otder for a soliton to travel through an alpha-helix, several
basic requirements ❑ ust be satisfied: 1. The amide-I epines, which
consitt of three separate chans of repeating H-N-C=O groups, must be
sufficiently one-dimensional to propagate the longitudinal sound and
bond energy of a soliton. These chains spiral through ,9 3.6) amino
acid per turn ●lpha-helix with a rotational translation oi -- 30° per
H-N-C=O group. 2. The nonlinear hydrogen bond coupling between adja-
cent amide-I groups must be above threshold for retroactive interB,c-
tions to take hold. 3. The vibrational ●nergy must be sufficiently
robust for this retractive coupling to take hold. Since barbiturates
contain four li-N-C=O groups in ● rigid planar structure, Yt is
strai~htforward to see that this anesthetic molecule iQ a congre-
gated tmide-I dipole which can hydrogen bond to an alpha-helix.
Therefore, an in~eraction of a barbiturate with an alpha-h,?lix might
alter !profoundly ●ither the propagation or the formation of solitons
at the location where the anesthetic molec~lle associates with the
proteil,

Tne hydrogen bonding of ● barbiturate to an alpha-helix will
distort and break the intermolecular hydrogen bonds that &.e respon-
sible for creating and maintain~n~ th~ spiral structure of the pro-
tein. This hydrogen ‘bonding may ~ccur via a simple two-point associ-
ation, as shown in Fig. 1, or it mbv involve a more complex geometry
betwe(~n ●aesthetic ar,d protein molecules, For example, many helical
membrane proteins a’:1~ known to be combinations of both parallel and
antiparallel ●lpha-helices and the cytochrome proteins are a good ●x-
ample of this configurational motif. Commonly four ●lpha-helices,
which are - 40A long ●nd separated by “’ sA, line up together to create

29 lt is likely, for a more compl,cx● lar8er up-and-down helix bundle.
●nesthetic-protein interaction, that a barbiturate will occupy ● vari-
●ty of inter- ●nd intramolecular positions within the tightly packed
cytochrcme protein. The6e various po~itiona may involve the b:?aking
of hydrosen bonds within the H-N-C=O chain~ of the cytochrome or
they may involve interaction within the side chaina of the helices
that help to ~tabilize the overall up-rind-down rntructure of the pro.
tein, Fortunately, in fipite of the ●normous variety of interactions
between ●nesth~tic ●nd protein moleculem, th~ disturbal~ce of energy
❑igration may still be understood in tprmc of the thre~ Hamiltonianti
for the Davydov soliLon

First, the “J” term in the exciton Hamiltonian (Eq, 2) can be
●ltered by tne ●ssociation of an anesthetic molecul~ with a helix.
Thit term give- the resonance interaction encr8y between ●djacent
●mid~-1 dipolcu snd is approximated by the standard formula for two
parallel dipoles

J = <(, .0s2,.,, (lIJ)
4n&oR



where ~ is the dipole ❑oment, R is the distance between dipoles, &
is the dielectric coefficient ●nd (3 is the angle between dipoles. o

Since an anesthetic molecule may break the hydrogen bonds in an alpha-
helix and cuase it to unwind, the distance R between neighboring di-
poles will increase. This increaged distance can appreciably affect
the interaction energy because J=l/R3. More complete dy~t.micai models
for solitons on the alpha-helix include ●dditional dipole-dipole cou-

23 These additional dipole couplingpling tenrm between neighbors.
terms will also be shifted by the distortion in helical shape hut the
maj~r ●ffects should occur at the point of anesthetic binding. Fur-
thermore, the four amide-I ❑oties that are inherent to the barbiturate
ring are also capable of dipole coupling to the alpha-helix. Such a
coupling will depend on the relative angles between th= anesthetic
and protein H-N-C=O groups and in most instances this coupling will
●ct to damp ●nergy from a soliton. In the numerical study of the
previous Bection, only the J term was changed as a phenomenological
estimate of ●n anesthetic interaction. It waz decreased from 7.8 cm-l
to 4,85 cm 1, which corresponds roughly to an increased distance R
from 4.s Ato 5.3A. From consistent force field calculations on the
hydrogen bond,30 an increase in hydrogen bond length of AR = 0.8 A
corresponds ●pproximately to a drop in hydrogen bond energy of 55%.
This ●mpirical decrease in the J term was chosen as a hopefully con-
servative estimate of an anesthetic interactl ,1 with a protein, since
the hydrogen bond remaina intact at this level of distortion, More

complete estimates should include changes in all dipole-dipole coup-
ling terms ●nd dampind due to the presence of anesthetic amide-I,

Second, both the “W’ ●nd ‘W’ terms in the phonon Ifamiltonian
(Eq. 3) can be ●itered by the association of ●n ●aesthetic molecule
with n helix. Since a barbiturate molecule may dipole couple and
bind to the spines of ●n ●lpha-helix, it m~y ●ct to increase the
dynamic masa !4 of a moliton. Thin ●mount of increased mass maj help
to reduce the propagation velocity of the soliton and lengthen thr
perturbation time for the anesthetic ❑olecule. This ●ffect was not
included in the numerical ntutly, ●s it WaB not considered to be of
primary importance. The spring cona~ant u for the hydr~gen bond is
related to the ●nergy of the bond which, in turn, i~ dependent to the
length and ●ngle of the bond. Longer and less ●nergetic hydrog?n
bonds in proteins demonstrate lower force constantti which are asso-
ciated with higher N-H ●nd C=O stretching forces, This mrans that
upon hydrogen bondin -N-H + O=C-, the ●ner8y of N-H and C=O
stretching decline~. !, The cprin8 constant w can alBo be consid-
erably affected by change in the N-H~O=C anglr,ao mince the strength
of the hydrogen im rather sensitive to deviatiofia beyond 20-30°.
Therefore, it should be clear that ●n ane~thetic interaction which
unwinds and len~thens ● hydrogen bond will dimini~h the spring con-
●tant for that bond. The ●xtent to which this occurs, in relstion
to the chan8e in hydrogen bond ●nergy, is difficult to ●stimate ac-
curately by cimple methods. However, ●u a firot ●pproximation. the
numerical ~tudy ●-sumed a ~imple linear relationship between hydrogpn



bond energy and the spring constant u. Hence, at AR = 0.8 A the re-
storing force w = (19.5)(0.45) = 8.8 newtons/meter. This is a mod-
erate ●stimate for a change in U, since a completely broken hydrogen
bond will hcve no intermolecular spring constant.

Third, the “x” term in the interaction Hamiltonian (Eq. 4) can be
changed by the association of an anesthetic molecule with a helix. It
is well known that the C=O stretching mode occurs above 1700 cm 1 for
a free carbonyl and that it i~ red shifted by hydrogt?~ bonding,32
Careri33 points out that this red shift to - 1665 cm is strictly
proportional to the chemical shift of the proton as ❑easured by NMR
and this shift can be used as a good measure of hydrogen bonding. ?n
line with this understanding, the ●xciton-phonon coupling cGnstant x
is seen to be the shift in energy of an amide-I vibrational quantum
per unit change in hydrogen bond length

dE
x=+ (19)

where Eo is the energy of an amide-I vibration and R is ~ length of”the
associated hydrogen bond. Scott34 points OUL that EoCW , where W is the
spring constant of the C=O vibration, which allows (19) to be written :IS

Eo dw
x=——2W dR

(20)

When an anesthetic moiecule binds to a helix and causes it to unravel.,
the influence of a weaker hydrogen bond on dW/ti~ will decrease. This
will affect a decli,~e in the value of x and blue ~hift the astiociated
C=O stretch in the protein. -Kuprievich and Kudritskaya35 have calcu-
lated a value of x = 3-5x1O 11 newtons and for the purposes of the
present numerical study x is taken at this lower limit to ●pproximate
the coupling con~tant for ● weaker hydrogen bond. According to the
findings of the numerical code, this value of x is just below thresh-
old for so~itnn fomation when two t,uanta of amide-I ●nergy initiate
the pulse.

As a class of agent, barbiturates demonstrate a broad range af
lipid volubility. For ●xample, thiopental has one of the highest oil-
water part~.tion coefficients &t 4.7, whereas barbital has one of the
lowest At 0.21. Factors that elevate thu partition coefficient in-
cluds both increased molecular weight (by C5 substitution) and de-
creased ionization at physiologic pH. lt ia well known that increased
lipid soluhility ia ●ssociated with a shortened onset of action, a
mhortened duration of action, an ●nhanced hypnotic potent

i,
and an

●nhanced interaction with hydrophobic regions of protein. Espe-
cially important to the hypothesis of membrune activity ia this last
property of increased hydrophobic interactions with proteins. It
should be clear that barbiturates ● re capable of binding to both
plasma and membrane proteins because ● s much ● s 70% of plasma concen-
trations ● re bound to albumen during general ●neatheoia. Hence, fac-
tors which increase lipid volubility will ●lao in~rease ●aesthetic-
prot~in interaction at the neuronal ●nd mitochondrial lipid mimbranc~.
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four H-N-C=O dipoles
with ‘-he dipoles of an alpha-helix. The protein is re-
presen~ed by a two-dimensional projection and the arrows
indicate the relative ●nergy of resonant interaction which
is proportional to l/R3 end dependent upon the angle be-
tween dipoles. (b) The propagation of a soliton can be
disturbed hy a barbiturate molecule. Thus when a soliton
is launched, it does not make it to its ●nergy delivery
site.

To induce general anesthesia, the concentration of barbiturate
in whole brain tissue must be on the order of 200 micromolar. 37 Since
❑ ost anesthetically useful barbiturates demonstrate a lipid to water
partition coefficient of - 4:1 and since whole brsjn tissue consists
of cytosol greater than ?ipid, it is reasonable to calculate a mem-
brane concentration of 200 x 4 = 800 micromolar during general anes-
thesia. This concentration is ●quivalent to ● volume distribution of
- 2 x IOe AS/barbitura.e. Talking cytochrome C’ ● s an average m~ml~-
rane protein, 20 which as ❑entioned ●arlier ronsigt~ of four 40 A
he?ices separated b - s A implies a protein w~i(i encompasses a
volume of ●bout 20 ~x201x~0 A=~.6x~~4A3/mo~ecli~e, There-
fore, during general anesthesia approxim~tely 1.6 x 104/2 x 106 x
100 = 0.8% of typical ❑-mbrane proteins are ●ssociated with an anes-
thetic ❑olecule. This rough calculation ●ssumes ● uniform volume
distribution ●nd no increased affinity of hydro8en bonding ●nesthet-
icc for proteins, Nonet.h~lesa, thla 0.8% figure appeara rather large,
especially when oue considers that fewer than ten proataglandin mol-
●cules can ●lter the behav~.or of an ●ntire cellular membrane. This



figure also suggests c cooperative association among ❑embrane pro-
teins, since a possible itiibition of - 1% of ❑embrane activities
results in 4 10-15% decremeut ia CNS oxygen consumption.

In additicn to barbitur~tes, there are a number of classes of
hypnotic ar,d mtiepileptic ~Jente that have a similar H-N-C=O con-
taining structure. From Fig. 6, it not~d that hydanotoins contain
three, succiu,imides ~nd glutethimides contain two, and urethanes con-
tain oxie factional fiinide-I moiety. Hydantoins, succinimides and
trimethacliorus are conmnocIly used antiepileptic agents, whereas glute-
t.imides are used as human snd urethanes are useti as veterinary
hypnatics. ‘i%en trimetbadione is N-methylated, it is inactive until
the hepatic microsomal enzymes demethylates the parent compound to
the active N-H structure. Such structure-activity relatio~ships sup-
port the }roposal that the entire H-N-C=O moiety is required for sol-
iton perturbing functions. Also the number of amide-I moieties in
these agents appears to be related to potency, In conjunction with
this, molerular confirmational ●nergy calculations have confirmed
that the cue-point hydrcgen bonding abilities of barbiturates,
hydantoins and succinimides is unrelated to ●ither their hypnotic
or antiepileFtic nrtivi’ties. Further, these studies have suggested
that. hypno~ic and ant.iepil~ptic tigents require the participation of
more than one carbon 1 cr amide hydrogen for the production o. phar-

i❑acologic activity.q ‘3k This suggestion of complete H-N-C=O par-
ticipation supports the solit~n model of anesthetic activity.

The soliton model of general anesthesia also presents an at-
tractive rnechanlsm of ~ction for GABA. Much as with barbiturates,
GABA is capable o: zssuming a two-point hydrogen bonding interaction
with the amicle-I spines of an alpha-heljx, Howevert unlike barbi-
turates GABA is not a stiff planar ring nor does it contain a strict
H-N-C=O group. Hence, its four carbon backbone would be capable of
mutual resonance with the lGwer frequencies of a’ Davydov soliton and
can be viewed as a resistor which acts in parallel w~th the amide-1
apir~e. R&man spectroscopy has demonstrated that GABAin ●queous so-
lutions has an intramolecular hydrogen bonded skeletal vibration at
90cml. This has led Nielsen’” to propose that GABAresonantly
couples and damps vibrations in biological molecules. Curiously,
the internal frequelciea of a soli~un are nearly resonant with this
GABAmode.zc However, for completeness it should also be pointed
out that slph~-helical. poly- (L-alaninc) demonstrates a Raman spec-
trum ●t similar low frcqusncy wavr numbersal which have b~en
accounted for by linear molecular dynamic calculations on the alpha-
helix,41’42 Therefore, ●n important question is whether GABAdamps
the linear thermal mc?es or the nonlinrar nonthermal modes of a sol-
iton in proteins. t. number of publications have pointed out thnt
barbiturates potentate the inhibitory ●ction of GABA in neuronc.43’44
Thene publication have aleo gone on to au88eat t’.t GABAand barbi-
turat~ s act on the same “receptor site” but they have failed to
specify its mol~cular configuration. Since both GABA and the planar



H-N-C=O ring component of barbiturates sre not optically active, it
is reasonable to propose that one of their sites of action is across
the one-dimensional spine system of an alpha-helix. Gama-amino-
butyric ●cid ia understood to be a major inhibitory neurntransmitter
in the central nemous system. The assignment of GABAas a nevro-
tranemitter which resonantly damps protein activities is consistent
with its inhibitory role.
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Fig, 6, (a) Anesthetic and antiepileptic ●gents that are capable of
disturbing rnolitonu. The presence of ●n alkyl or aryl group
at R ●nd R’ confers increasing lipid volubility and, general-
ly, increased lipid volubility promoteB an increased drug
potency. (b) Intramolecular hydrosen bonded conformation
of garmna-aminobutyric acid which is capable of interacting
with the alph~-helix. The mode shown in the top vi~w oc-
curs ●t 90 cm 1 which is nearly renonant to the calculated
internal frequencies of ● aoliton.

In s~ary, up to the prrsent there has not been a satisfactory
model to ●ccount for barbiturate’s diverse ●ctivities. Theories have
implicate ; ~rbiturate’a hydrogen bonding ability aa a ❑ode of action
~ut they have failed to provide ● rpecific context for ●ctivity, The
soliton model offera ● unifying ❑echanism of action for a number of
diverse ●geata, such ao, barbiturates, hydantointi, glutethimides,
auccinimidea ●nd urethanes. It accounta for the observation that
barbiturates (and ●ntiepileptic ●sents) ●ppear to enhance GABA’a in-
hibitory ~ctivity. It ●ccounts for the observation that barbitu-
rate~ display no Etereompecific ●ctivity ●t ●aesthetic concentrations
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since the one-dimer~ional spine system of an alpha-helix cannot be
stereospecific. It accounts for the obse~ation that N-methylated
derivatives of barbituric acid are “ultrashort” hypnotics, since
N-methylation will “choke” the total number of H-N-C=O configura-
tions iu the anesthetic ring. Finally, it relates the number of
H-N-C=O groups in the ❑olecule to hypnotic potency.

Central to Davydov’s idea is that the amide-I resonance acts as
a basket for the storage and transport of biological energy. In its
original context, this idea was applied only to the alpha-helical
protein. However, the article by P. S. Lomdahl in these proceedings
points out that Davydov’s Lheory may be ●x$anded to a more generalized
protein structure. In instances of translational variance in struc-
ture, the dispersion of amide-I energy may hold a key for understand-
ing protein dynamics. It is in this vein that the role of sialic
acid (or N-scetyl sugars) in glycoproteins on the cellular surface
will be discussed. Curiously, sialic acid contains an H-N-C=O group
at its C2 positian and, therefore, the 81ycoprotein may be seen as a
macromolecule of unusual flexibility with respect to the amide-I.

The vast majority of glyoproteins in cells, - 70% for neurons,
are located on the ❑embrane surface which ❑akes up only - 5% of the
total cellular volume. 45 This larg~ reservoir o? glycoproteins lit-
●rally covers the membrane surface and lends it a negative charge
by right of iLs ionized polysaccharide component. The numerous
roles of glyoproteins on the cellular surface arc only partially
understood but despite this it is known that they are implicated in
cellular ●dhesion, cellular ❑igration, cellular identity, intra-
(:ellular consnunication, memory consolidation and transmembrane sig-
nalin8.4a It is fair to say that 81ycoproteins are “workingmen”
of the cellular ❑embrane. They ate in close association with the
intracellular machinery and the filamentous cytoskeleton which just
subjacent to the ❑embrane surface. Therefore, as Adey ●mphasizes,
they play an important ●nd seminal role in tranaductive coupling.47
Edelman haa pioneered much of the work in this area with his Lheory
of 81ycoprotein modulationd8 and it is ●long this line that Davydov’s
idea on the ●mide-I might ●lso be u~eful. Basically, Edelman’s idea
is that the behavior of glycoproteins c-n be ❑odulated by chan8ing
their sislic acid (or ●mide-I) content. This change in sialic acid
somehow alte-v the ❑ anner in whic~ the 81ycoprotein operatea on the
cellular surface ●nd it ●lso purportedly chanb.?s the manner in which
the polysaccharide component of a 81ycoprotein relates to its protein
component. si~ce ● slycoprote~n ia essentially ● two-component macro-

molecule (pro-ein and polysaccharide) the key to understanding this
modulatin8 behavior ❑ight come from lookin8 ●t the specific changea
in the polysacchsride fraction.
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Glycoproteins are oriented in the lipid bilayer such that the
polysaccharide rich portion of the macromolecule is located primarily
on the outer membrane.’g At this extracellular location, the sugar
fraction of the glycoprotsin consists of both straight and branched
chain polysacchar;des which are covalently bound to the peptide back-
bone. Thus the polysaccharide portion of the ❑acromolecule forms a
“cloud” of sugar molecules around the protein core and this tethered
cloud carries a fixed negative charge by right of its ionized poly-
aaccharide component. Katchalskyso has pointed out that these nega-
tive charges are neutralized by binding cations, particularly divalent
cations,

~$n=aK$~;g;:$n:;dc::!$r;t;;+
manner with the following affin-

ities: The anionic polysaccharide
cloud arwnd the core protein ●xpends and contracts under th$ in-
fluence of cations and in general, the divzlent cations Ca2 ~ +?lg*:
cause contraction (or ~:~~~ng) whil{ the monovalent cations H+=K ~lia

all promote expansion. Katchalsky has likened this behavior to
that of an “isothermal oar .omolecular machine” because he no~.es that
such contraction and expausion ❑ovements within glycoproteins are
capable of performing work.

In central nervous system tissue, Lnree covalent carbohydrate-
protein linkages are associated with glycoprotcins. About 90% of
these covalent linkages are associated with asparagine-11-acetyl-
glucosamine, while the remaining 10% of covalent links es are as-
sociated with either serine or threonine residues.53’5 $ It has been
~hown conclusively that molecules of N-acetylglucosamine and N-acetyl-
galactosamine (sialic acid) are concentrated nearer the core of the
glycoprotein rather than on the periphery of the macromolecule. 5s’56
‘This means that the amide-I groups of siallc acid are closely associ-
ated with the amide-I groups in the core protein. Tn addition, the
primary attachment residue asparagine is classifira ‘is a neutral
amino acid. This means that the side chain may be found both inside
and outside the core protein. Generelly, the side chains of neutral
polar residues arc found outside the molecules although they can re-
side inside the core protein if their polar groups are “neutralized”
Ily hydrogen bonding to other like residues or to the carboxyl orI the
main chains’

It uhould be apparent that glycoproteina have two methods at
their disposal for changing their amide-I content and for changing
the location of these amide-I groups in their polyaaccharide frac-
tion. Both of these methods are closely interrelated. By modulat-
ing their sialic acid content. which is Edelman’s idea, the manner
in which ●nergy disperses through the glycoproteins’ structure can
changz. A variable number of amide-1 groups in the polysaccharide
fraction could significantly alter the nearby energy transport paths
in the core protein. In other words, this leas of sialic acid could
●ppreciably chanse the ahape of the siulic acid-protein interaction
which, in turn, could conceivably alter the amide-I dipole-dipole
couplings within the glycoprotein. By changing the degree of polysac-



charide ionization or by changing the cation concentration in the
solvent, which is Katchalsky’s isothermal ❑achine idea, the paths
through which amide-I energy disperses migh$ again change. Differing
concentrations of cations, especially Ca2 , would place the H-N-C=O
grotips of sialic acid and the asparagine side arms in varying juxta-
positions with respect to the amide-I groups in the core protein.
This action would alter the shape of the sialic acid-protein inter-
action which again could alter the dipole-dipole couplings w~.thin
the glycoprotein. As in the first mechanism, this could change the
paths through which 81ycoproteins disperse amide-~ energy.

Since a sub ’1-antial number of ❑embi-ane proteins are in the hel-
ical configurdt.ons8 and since ❑any of these membrane proteins are
also glycoproteiris, it is reasonable to suggest that a some fraction
of glycoproteins contain helical protein cores which traverse the
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Fig. 7. (a) AsparaSine’s side chain contains an amide-I group. This
amino acid accounts for 9b% of the covalent carbohydrate-protein
linkageti in glyCOprOtEin5. (b) Amide-I opine system of a~~ alpha-
helix in relation to aspara~ine-N-acetylgiucosamine--- l-4-N-
acetylglucosfmine which initiates a clear ❑ajority of covalent
carbohydrate-protein linkages in glycoproteins. The nmide-I
retioaance is inherent to ●ll N-acetyl nugara ●t the core of
glycoproteins. The loc$tion of these H-N-C=O groups depends
seneitivcly on both Ca2 concentration and sialic acid content.
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lipid bilayer. In reiation to such a glycoprotein, I would like to
suggest that the sol.iton could he a useful device for transmembrane
coupling. Since there is ❑o A.Ti’outside the cellultir ~embrane to
●xcite the amide-I resonauce, it ❑ay be assumed that a soliton would
be initiated by the hydrolysis of ATP just subjacent to the ❑embrane.
kh~u the ~oliton reached the other side of the membrane it would in-
teract with the polysaccliaride portion of the glycoprotein which is
replete with sialic acid. These sugars, which crmtain the amide-I
resonance, could interact witt, the outgoing soliton and create a
~ariety of behaviors: absorb the pulse, reflect the pulse, or absorb
and reflect varyiug amcunts of the pulse. This interaction would
depend on the number and location of sialic acid molecules which, in
turn, would depend on glycoprotein “modulation” and on cationic con-
centrations. Since glycoproteins act as recc?tors for hormones,
neurotransmitters and intercellular cont~cts, it is pu.tkible that
the binding of these lig~nds to their receptors would t~lt~:r the posi-
tions of sialic acid groups which , in turn, could modif} e:lergy prop-
agation at the membrane surface. In other words, L}c gly(’oproteir

may be a transductive device that allows the inner mel;llr~re t~ perxorm
“spectroscopy” on the outer membrane.

Ll@N~~
Elly)li’; a..vfllP:3
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Fig. 8, The binding of a hormone or transmitter substance to its
respective glycoprotein changes the ;elative pcisi:ions of
the sialic acid (or amino sugar) molecule~. This alters
the ~mide-I dipule-rlipolr coupling r~~,ations in the j;lyco-
prbteinm The propagation of a aoliton may, thereby, be sub-
ject to ● variety of changes when it reacheb the membrane
aurfacem Circles indicate augara and the coil indicates
an alpha-helix in the lipid bilayer,
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NUMERICALHETHODS

Details of the numerical computations are nearly identical to
those givul in references 22 and 23 ●xcept for the followin8 points:
The calculations were integrated ueing ● lea~frog predictor-corrector
❑ethod. For computations where there were changes in X, J and UJ
values a time step was chosen to ❑iniQize the relative error per

unit time interval. The accuracy of the time integration was
checked hy rerunning the calculations with a smaller time step and
rerunning the calculations with a third order predictor second
order co~rrctor method with an ●quivalent time step. No signll-
icant differences were found between the smaller time steps and t?e
two methods of integr ion,
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